Phosphorus-doped microcrystalline silicon with high-crystalline volume fraction was prepared by very highfrequency plasma enhanced chemical vapor deposition. The material is studied by electron spin resonance and transport measurements as a function of doping and temperature. In all samples a resonance at gϭ1.998 is found with spin densities very similar to the phosphorus dopant density and also the carrier density at high doping levels. This resonance is related to doping-induced excess electrons. Its spin density is largely temperature independent, and the corresponding electrons occupy dopant or conduction band tail states at low temperatures, while they are excited into the conduction band at high T. This gradual transition is accompanied by changes in linewidth, g value and spin-lattice relaxation time. Hyperfine interaction with P nuclei is only observed for intermediate doping levels and has very small intensity. From the value of the hyperfine splitting, the effective Bohr radius of the impurity wave function is estimated to 12 Å. Transport at low temperatures (TϽ20 K) proceeds via hopping between donor states and/or conduction-band tail states. A thermal activation energy of 3.5 meV and similar localization lengths as from the hyperfine data are found for this process. At temperatures above 20 K electronic transport is governed by a wide distribution of activation energies.
I. INTRODUCTION
Hydrogenated microcrystalline silicon (c-Si:H) prepared by plasma-enhanced chemical vapor deposition ͑PECVD͒ is a material already used routinely as highly conductive contact layer in thin-film solar cells where the active layers are made of amorphous silicon (a-Si:H) or its alloys. Recently effort has been made with considerable success to use c-Si:H prepared by low-temperature processes like PECVD also as active layer to replace the a-Si:H alloy materials.
1,2 This has initiated renewed research activities of both the technological aspects of material preparation and the electronic properties of c-Si:H-in particular investigations of those aspects that might affect the photovoltaic performance. Structural investigations of c-Si:H ͑Refs. 3 and 4͒ show that the material consists of areas ͑grains͒ of perfect crystallinity with an average size of 20 nm forming larger columns parallel to the film growth axis and extending over the entire film thickness. Between these columns one finds disordered regions or internal voids, and the individual small ''grains'' are separated from each other only by crystalline imperfections like stacking faults.
As a result of the mixed-phase nature of microcrystalline silicon specific information about a particular electronic state can only be gained by experimental techniques that are sensitive to the microscopic environment of this state. One technique which fulfills this requirement is electron spin resonance ͑ESR͒.
In previous ESR studies, we found three resonances in microcrystalline silicon. Two of them are attributed to defect states and are found in intrinsic as well as in doped material. The respective g values are gϭ2.0043 and gϭ2.0052. The latter resonance is attributed to Si dangling-bond ͑DB͒ states. [5] [6] [7] [8] The resonance at gϭ2.0043 cannot be unambiguously identified. From its resonance parameters it is probably related to dangling-bond states in Si-rich Si-O layers, 9 ,10 as a strong oxygen take up has been observed in secondary ion mass spectroscopy ͑SIMS͒ measurements on c-Si:H films, 11 and an increase of a signal at gϭ2.0044 in c-Si:H samples that were exposed to air for several weeks has been reported. 12 In n-type material or under light illumination a third resonance appears at 1.997ϽgϽ1.998, which is attributed to conduction electrons in the crystalline grains and is referred to as conduction electron ͑CE͒ resonance. A close correspondence to the conduction electron resonance in crystalline silicon (c-Si) is exhibited by a similar g value as in c-Si, 9, 13, 14 an increase in linewidth between 20 and 300 K ͑Ref. 15͒ like in crystalline silicon 13, 16 and the short spin-lattice relaxation times T 1 as measured by pulsed ESR techniques, 17, 18 which are also similar to T 1 times reported for c-Si. [19] [20] [21] [22] For slightly doped n-type microcrystalline silicon samples and temperatures lower than 150 K the signal intensity of the CE resonance changes with temperature proportional to 1/T ͑Curie-law͒, 5, 15 which is equivalent to a constant CE spin density. However, the nature and the energy position of such states have been unclear so far.
It was further found that the doping induced Fermi-level shift leads to a steady increase of both CE spin density and room-temperature dark conductivity ( RT ). 15, 18, 23, 24 To interpret this behavior a quantitative comparison of the CE spin density with carrier densities obtained by techniques other than ESR is essential.
In the present paper, we concentrate on the investigation of the CE resonance associated with states within the crystalline regions of the material, which make up more than 90% of the sample volume. Therefore, a detailed comparison of c-Si:H with the large amount of data available for crystalline silicon is necessary. Signals attributed to ͑i͒ electrons located at phosphorus donors, 25, 26 ͑ii͒ electrons in clusters of two or more dopant atoms 16, 21, 27 and ͑iii͒ electrons in conduction or impurity band states 9, 13, 28, 29 are found in crystalline material, where a distinction between the different kinds of states is often difficult. It is the aim of this study to establish a clear relationship between ESR and transport measurements in n-type microcrystalline silicon, to identify the origin of the CE resonance in the different temperature and doping regimes and to interpret the observed changes in spin density, g value and linewidth with regard to this identification.
The outline of the paper is as follows: The experimental procedures are explained in Sec. II. In Sec. III, the structure of c-Si:H is described, we comment on the consequences of this structure on the electronic states and finally recall some basic relations on paramagnetic susceptibility and hyperfine interaction. In Sec. IV the doping and temperature dependence of the CE resonance ͑with respect to g value, intensity, linewidth, and hyperfine interaction͒ as well as temperature-dependent electrical conductivity measurements are presented. The results are discussed in Sec. V with emphasis on the relationship between ESR and transport, its implications on the origin of the CE line and a comparison with crystalline silicon. We conclude in Sec. VI.
II. EXPERIMENTAL PROCEDURES
Microcrystalline silicon samples were prepared by very high-frequency plasma enhanced chemical vapor deposition in a diode-type reactor from mixtures of silane and hydrogen with a constant gas flow ratio of ͓SiH 4 ͔:͓H 2 ͔ϭ3:97. For controlled low-level n-type doping various amounts of PH 3 were added. The substrate temperature was 200°C, the discharge power 5 W and the plasma excitation frequencies v ex and total gas pressure p were 95 MHz and 300 mTorr, respectively, except for one sample with v ex ϭ115 MHz and pϭ150 mTorr. These deposition parameters resulted in c material with average sizes of 20 nm for the ''unperturbed'' grains determined from x-ray diffraction ͑XRD͒ measurements and high-crystalline volume fractions of more than 90% as estimated by Raman and confirmed by transmission electron microscopy ͑TEM͒ and XRD. We varied the gas phase doping ratio, i.e., the gas flow ratio ͓PH 3 ͔:͓SiH 4 ͔, between 1 and 133 ppm obtaining room-temperature conductivities between 2.7ϫ10 Ϫ4 S/cm and 5.1ϫ10 Ϫ1 S/cm. We deposited samples on aluminum foil and on roughened ͑to avoid peeling off of films͒ quartz or borosilicate glass in the same run to have material for both ESR and conductivity measurements. The thickness of these films was between 2 and 3 m. The aluminum foil was etched away by HCl after deposition yielding between 30 and 60 mg of powder material for ESR measurements. The powder is sealed under He atmosphere in quartz tubes to maintain a defined environment after the sealing. As no general difference between ESR results of thin films on glass substrates and powdered samples was detected, most of the ESR measurements could be performed on powdered material due to the higher intensity and better signal-to-noise ratio.
Continuous-wave ESR measurements were performed with a commercial X-band spectrometer ͑Bruker ESP 380E͒ and a cylindrical transverse magnetic (TM 110 ) or a rectangular transverse electric (TE 301 ) cavity in the temperature range between 4.5 and 300 K with 100 kHz modulation frequency and a modulation amplitude of 2Ϫ4 G. For measurements of the hyperfine interaction a modulation amplitude of 14 G was used to enhance the broad hyperfine lines (⌬H pp ϭ25 Ϫ35 G) relative to the center line. In order to obtain reliable spin densities for both the CE and the defect resonances at a measurement temperature of 40 K ͑which turned out to be convenient for this purpose͒ the microwave power used was 7 W, a power level at which none of the observed lines shows saturation effects. However, as we are mainly concerned with the CE line in this study, a higher microwave power was sometimes applied, at which the defect state resonances already strongly saturate ͓due to their longer spinlattice relaxation times T 1 ͑Ref. 17͔͒ and the CE line could be distinguished more easily.
Samples were mounted in a conventional He gas flow cryostat ͑Oxford ESR 900͒ approximately 1 cm above the gas outlet and the AuFe/Chromel-thermocouple, which is used to measure the temperature. This leads to a small difference between the temperature reading and the sample temperature ͑the real sample temperature is expected to be slightly higher͒. The difference was measured, independent of the thermocouple calibration, by comparing the temperature reading with the temperature calculated from the line intensity of our standard sample ͑see below͒, which exhibits a Curie-like temperature dependence, relative to its room temperature value. A maximum deviation of 15 K in the intermediate temperature range ͑200 K͒ is found. For lower temperatures and near room temperature the difference is much less. Also the relative temperature deviation when measuring different samples at the same temperature reading is much smaller.
For a quantitative analysis ͑g value, spin density͒ we compare the ESR intensities of our samples with an unhydrogenated sputtered amorphous silicon sample on quartz as a secondary standard, which has been calibrated versus 1,1-diphenyl-2-picrylhydrazil. 24 The intensity of the ESR signal was obtained as the absorption curve area by a numerical integration of the data. In cases where more than one line was visible, as in lightly n-doped samples at low microwave power, numerical curve fitting procedures had to be employed to obtain the intensities of the individual resonances. More details will be given in Sec. IV.
Secondary ion mass spectroscopy ͑SIMS͒ measurements of phosphorus concentrations were performed on the films on aluminum foil before etching away the metal. High-mass resolution mode was used to separate the P signal from the interfering silicon hydride ions. Conductivity of films was measured with coplanar evaporated silver contacts in a continuous flow He cryostat. The error due to the roughened surface is less than a factor of two. Hall measurements were done in a six-point geometry.
Throughout the paper, we will use the following notation: every sample is simply denoted by its gas-phase doping ratio ͑1-133 ppm͒, e.g., 67 ppm for sample 67.
III. BACKGROUND

A. Structure and electronic states
The complex, mixed phase structure of the material has been investigated by transmission electron microscopy ͑TEM͒ and x-ray diffraction ͑XRD͒ experiments.
3,4 From XRD average sizes of perfect, unperturbed crystallites of 20 nm are deduced, which form ''clusters'' of a typical colum-nar shape perpendicular to the substrate. These clusters extend throughout the entire film thereby comprising 90% of the sample volume. Within the clusters only typical crystalline imperfections like stacking faults and twinning are present between adjacent grains, which are not expected to lead to paramagnetically active deep defect states. On the other hand, the disordered regions separating grain columns are likely to have a much higher density of point defects ͑dangling bonds͒.
While not containing many point defects, structural disorder will lead to the formation of localized band tail states in the 20-nm grains. Exponential band tails, extending several 100 meV from the band edges into the gap were found for example in fine-grained polycrystalline silicon films 30, 31, 32 and were attributed to small wavelength potential fluctuations due to the spatial disorder. 33 In a-Si:H such states extend from the band edges into the gap over an energy range of 200 meV ͑conduction-band tail͒ or 300-400 meV ͑valence-band tail͒ ͑see, e.g., Ref. 34͒.
Hence, excess electrons in phosphorus doped c-Si:H may occupy different electronic states ͑like donor, conduction-band or conduction-band tail states͒, whose respective occupation is expected to be temperature dependent.
B. Magnetic susceptibility in semiconductors
As in an ESR experiment the integrated absorption intensity is proportional to the static susceptibility of the sample, we will not distinguish between ESR signal intensity and susceptibility but use both terms as synonyms. There are two cases of electronic paramagnetism referred to as Curie-like or Pauli-like behavior.
The paramagnetic susceptibility of a system of ideal noninteracting paramagnetic centers ͑spin Sϭ 1 2 and g value gϷ2), whose statistics are governed by the MaxwellBoltzmann distribution and whose total number is constant in the temperature range under question, shows a typical 1/T-or Curie-like behavior ͑see, e.g., Ref. 35͒ according to
where n is the density of the paramagnetic centers, B the Bohr magneton, 0 the permeability of the vacuum, k the Boltzmann constant, and T the absolute temperature. Equation ͑1͒ is also valid for electrons located at their donor sites in an n-doped semiconductor 28 and for electrons excited into the conduction ͑or an impurity͒ band as long as their concentration remains low and the temperature high enough for the electron gas to be nondegenerate.
On the other hand, the susceptibility of a gas of noninteracting degenerate electrons at sufficiently low temperatures is T independent ͑Pauli paramagnetism͒ and has the value 36 
Pauli
Measurements of the temperature dependence of the susceptibility should, therefore, enable us to distinguish between the degenerate and the nondegenerate case. However, a distinction between localized and delocalized electrons is not possible from the temperature dependence of alone.
C. Hyperfine interaction
Electrons located at their donor atoms will in general interact with the magnetic moment of the phosphorus nucleus ( 31 P, 100% natural abundance, nuclear spin Iϭ 1 2 ) giving rise to hyperfine ͑hf͒ splitting. In a cubic lattice with fourfold coordination, like in the crystallites of c-Si:H, the anisotropic or dipolar part of the hyperfine interaction vanishes for symmetry reasons. The residual isotropic hyperfine interaction A is of the Fermi contact form 37 
Aϭ
where g e and g n are the electronic and nuclear g values, B and n are the Bohr and nuclear magneton, and ⌿ e (rϭ0) is the value of the s-like electronic donor wave function at the position of the P nucleus. The strength of the hyperfine interaction is directly related to the localization of the dopant state electrons and can be used to estimate the localization length.
In crystalline silicon at low temperatures (TϽ30 K) and
16 cm Ϫ3 ) the majority of the electrons will be in the ground state of the donor atom. 38 The sixfold degenerate ground state of phosphorus splits into a singlet state A 1 , a doublet state E and a triplet state T 2 , the latter five states lying very close to each other and being separated from the singlet ground state A 1 by about 11 meV. 38, 39 Only the wave function of the A 1 state has a nonvanishing amplitude at the nucleus and gives rise to hyperfine interaction resulting in the ESR observation of two lines. 25, 38 For higher temperatures, however, an increasing part of the electrons is activated into excited states or even conduction-band states with no hyperfine interaction and the hyperfine lines broaden as a result of exchange scattering between donor and conduction-band electrons. With increasing donor concentration the donors form clusters of two or more donor atoms leading to additional features in the resonance spectrum and also the gradual disappearance of the hf line pair. 21, 26, 27, [40] [41] [42] For even higher concentrations an increasing number of electrons occupy delocalized states in the conduction band or an impurity band. 28, 29 For a recent work on ESR in phosphorus-doped silicon see also Ref. 43 .
In summary, hf interaction in c-Si is easiest observable in samples with low dopant concentration at low temperatures, and the same behavior might be expected for c-Si:H. Interestingly enough, this is not the case as will be shown below ͑Sec. IV E͒, which has important consequences for the location and identification of the corresponding electronic states.
IV. RESULTS
A. General features of the spectra Figure 1 shows the ESR spectrum of sample 1 obtained at a temperature of 40 K in the dark ͑thick-solid line͒. Numerical fits for the two defect resonances ͑at gϭ2.0052/2.0043, Gaussian lines͒ and the CE resonance ͑at gϭ1.998, Lorentzian line͒ as well as the sum of the three fit curves ͑thin-solid line͒ are included.
The line shape of the CE resonance is asymmetric for the lowest doping levels but approaches a symmetrical Lorentz-ian line shape for higher doping. The origin of the asymmetric line shape is still unclear. In crystalline silicon with sufficiently high doping level and a sample thickness large compared to the skin depth the line shape of the CE resonance is asymmetric ͑Dysonian͒, 44, 45 while for powdered specimens with particle sizes of not more than several microns the line shape is Lorentzian. 13, 14, 46 Taking into account the conductivities and the dimensions of the c-Si:H samples, a Dysonian line shape effect can be excluded. 18 In order to compare resonance intensities without additional errors due to varying line-shape functions, we adopt the Lorentzian line shape for numerical fits of the CE line in all of our samples.
The line shapes of the defect state resonances could be simulated very well by Gaussian functions, keeping the resonance positions fixed at the respective g values ͑2.0043, 2.0052͒ and sometimes also fixing the linewidth (⌬H pp ) of the Si-DB resonance at 12 G ͑a value obtained from unrestricted fits in intrinsic and p-type samples over a wide temperature range 47 ͒. Figure 2 is a stack plot of dark ESR spectra for the samples investigated in this study. The spectra are normalized to the same peak-to-peak intensities. The defect state and CE resonances can be easily distinguished in the samples with lower doping levels as shown in detail in Fig. 1 . At higher doping level the CE spin density N S (CE) strongly increases, whereas the defect signals remain around 2ϫ10 16 cm Ϫ3 almost independent of doping. 15, 18 Therefore, the resonances of the DB lines become less visible with rising doping level.
B. g value
In Fig. 3 , the CE g values obtained at a temperature of 40 K are plotted versus room-temperature conductivity RT . Included are samples without intentional phosphorus doping on the left-hand side of the figure ͑denoted by ''͗i͘''), as some of those also exhibit a CE resonance in the dark. For the doped samples the CE g values are around 1.9980 at doping levels below 33 ppm and decrease continuously for higher doping levels to 1.9972 at 133 ppm. The undoped samples have g values of 1.9980-85 exhibiting a large scatter due to the overlap with the defect resonances and the fact that the CE line appears to be more asymmetric for undoped material. Figure 4 shows the temperature dependence of the CE g values for the n-type samples between 4.5 and 300 K. For better readability error bars are only included at some points and the vertical bars without data markers ͑in the left part of the figure͒ represent the error margins for the respective samples at TϽ100 K. The g values decrease with rising temperature.
C. Linewidth
The peak-to-peak linewidths ⌬H pp of the CE resonance for samples 1, 3, and 133 as a function of temperature between 4.5 and 300 K are compared in baseline contributions increasingly disturb the spectra. Above 30 K all samples show a large increase in the CE linewidth with rising T and rising doping level. Below 30 K the ⌬H pp -vs-T curves flatten out, but increase again at the lowest temperatures for the samples 33, 67, and 133. For lower doping no such increase is observed.
D. Susceptibility and spin density
The temperature dependence of the CE signal intensity is shown in Fig. 6 for samples 1, 33, 67, and 133 in a doublelogarithmic plot. The straight line denotes the temperature dependence expected for Curie-like behavior, i.e., ϰ1/T.
Except for sample 1, observation of the CE line at higher T is complicated by the fact that with rising temperature the conductivity of the samples increases. This leads to increasing dielectric losses inside the resonant cavity thus strongly reducing the quality factor ͑Q͒ of the cavity. If the dielectric losses become too large, ESR measurements are no longer possible, as was the case for sample 67, which could only be measured up to 180 K. Since the signal intensity is proportional to the cavity quality factor, a decrease in Q also leads to a decrease in signal intensity. The CE intensities were corrected for this change in the quality factor. Since reduction of the amount of material inside the cavity reduces the dielectric losses, the T dependence of a thin film of sample 67 ͑prepared in the same run on glass͒ is included in Fig. 6 .
Powder samples 1 and 133 ͑which has a relatively small mass of only 18 mg͒ exhibit a 1/T behavior in the whole temperature range equivalent to a constant spin density. For the other two samples 33 and 67 the signal intensity decreases faster than expected from the Curie-law at higher temperatures (TϾ100 K). In case of sample 33 this deviation is at most a factor of 3 at 300 K. On the other hand, the intensity of the thin film doped with 67 ppm even seems to increase in the high-T region. The apparent increase is probably connected to the uncertainty in determining the area under the absorption curve for the highest temperatures, where the signal intensity is very small for the film sample, the CE line significantly broadens and background contributions are strong.
Under the assumption that the non-Curie behavior of lossy samples ͑33 and 67͒ at high temperatures is a result of insufficient experimental corrections when determining the signal intensities, we conclude that the total number ͑or spin density͒ of the CE line electrons in general does not change with T. However, at the present time additional effects at elevated temperatures cannot be totally ruled out on the basis of the data available. Such an effect would be, for example, the thermal excitation of electrons into states where they give less ESR response thus leading to a deviation from the 1/T behavior.
Having shown that the CE spin density N S (CE) is largely independent of T we now compare N S (CE) with electron ͑n͒ or donor ͑N͒ concentrations derived from other experiments. For convenience the values for N S (CE) at Tϭ40 K are used, which yields a reasonable signal-to-noise ratio but still avoids saturation effects. The various concentrations n,N are plotted as a function of N S (CE) in Fig. 7 , where the dashed line indicates the case when n,NϭN S (CE). The solid squares in Fig. 7 represent the phosphorus density N SIMS obtained by measurements with high mass resolution secondary ion mass spectroscopy ͑SIMS͒. N SIMS turned out to be essentially equal to N S (CE). Using the result that the phosphorus in the gas phase is incorporated into the solid with a build-in ratio of P to Si of 0.5, 47 we can further calculate the density of phosphorus atoms N g from the doping ratio in the gas phase according to N g ϭ0.5ϫ(gas-phase doping ratio in ppm)ϫ10 Ϫ6 ϫ5•10 22 cm Ϫ3 . Here, the latter quantity is the atomic density of silicon. N g is also plotted in Fig. 7 and agrees remarkably well with the CE spin density between 3•10 16 cm Ϫ3 and 2•10 18 cm Ϫ3 . Hence, N S (CE) is equal to the P concentration in the solid over 2 orders of magnitude.
For three samples the electron density n Hall at room temperature was deduced from Hall-effect measurements 48 and also yields the value of N S (CE) with good accuracy as seen from Fig. 7 . This means that the doping efficiency of phosphorus in c-Si:H is unity over a wide range of doping levels.
The last quantity shown in Fig. 7 is the electron density n obtained from the room temperature dark conductivity using RT ϭn •e• with Ϸ1 cm 2 V Ϫ1 s Ϫ1 , a typical value for highly doped c-Si:H ͑Refs. 48 and 49͒ at room temperature. For higher doping levels again n ϭN S (CE), whereas both quantities differ at lower phosphorus concentrations.
These results are consistent with the low dangling-bond densities found for all doping levels.
E. Hyperfine interaction
An electron located at a phosphorus dopant atom in a P 4 0 configuration will, in its ground state, interact with the nucleus thus splitting a single resonance line into a line doublet. In crystalline silicon a hyperfine splitting ͑i.e., a separation of the respective resonance lines͒ of ⌬HFSϭ42 G at liquid helium temperature has already been observed in the earliest measurements 25 ͑see also Sec. III C͒. Although most of our samples are in a doping range where the hf doublet would be the dominant feature in crystalline silicon of similar doping, we never observed a spectrum consisting of two hyperfine lines only. In a certain concentration range (17Ϫ67 ppm) two hyperfine lines appear as shoulders in the broad wings of the Lorentzian-type CE center line. This is shown in Fig. 8 for sample 17 and a temperature of 20 K. The hyperfine splitting ⌬HFS is approximately 110 G, which is between the values reported for crystalline ͑42 G͒ and amorphous silicon ͑245 G͒. 34 The hyperfine splitting was best observable in sample 17, where it could be detected between 4.5 and 70 K. The intensity of the hyperfine doublet at 20 K is between 2% and 5% of the overall signal, and the hf intensity clearly decreases between 20 and 70 K. A detailed study of the temperature dependence was prevented by the weakness of the hyperfine lines as compared to the center line.
In samples with higher doping the hf signal became weaker and, most interestingly, no hyperfine doublet appeared at all in the lightly doped samples. In the latter case, observation of a hf signal of several percent intensity might be impossible due to a poorer signal-to-noise ratio and additional contributions of defect states, which have a similar spin density as the CE line and cannot be totally saturated ''away'' even at high power levels. TϽ20 K the conductivity was below our detection limit. All curves exhibit no singly activated behavior, i.e., do not obey a relation ϭ 0 * exp(ϪE a /kT) with a single activation energy E a . This is characteristic for microcrystalline material with higher doping levels.
5,50-52 However, at low temperatures the -vs-T plots can be quite well approximated by a straight line in the temperature region below about T ϭ20 K (1000/Tϭ50). The slope of these lines corresponds to an activation energy of 3.5 meV for all samples. For higher temperatures the range of E a values involved shifts to much higher energies. If one draws lines through the high temperature points, activation energies of 115, 35, 33, and 24 meV are obtained for samples 1, 17, 33, and 67, respectively. Fig. 10 shows a plot of dark at various temperatures between 40 and 300 K versus the spin density (N S ) of the CE line at 40 K. To identify the samples the respective gas-phase doping ratios are also given on the upper x axis. The data exhibit a clear relation between N S (CE) and the conductivity for all temperatures. The solid lines connecting the data points in Fig. 10 are guides for the eye. The dashed line corresponds to a slope of 1 in the double-logarithmic plot, where would be proportional to N S (CE). It is seen in Fig.  10 that the -vs-N S -curves gradually approach such a linear relation with increasing measurement temperature for the conductivity.
V. DISCUSSION
In the following, we discuss the above results with regard to their implications for the electronic states in microcrystalline silicon. Our main concern will be the identification and energy position of the respective states of the CE resonance as a function of temperature and occupation. Additionally, the relation between ESR and transport measurements will be established. In this context, we will also compare our results with data on crystalline silicon and, to some extent, on polycrystalline and porous silicon. 29 This was also observed for our c-Si:H samples and can be related to the shift of the electron distribution from tail states to conduction-band states at higher temperature or higher doping level.
In polycrystalline silicon ͑poly-Si͒ g values of conduction electrons between 1.997 and 1.999 were reported by Hasegawa, Kasajima and Shimizu 54 for phosphorus-doped CVD amorphous silicon after annealing to 700-750°C.
Young, Pointdexter, and Gerardi 55 find the same g value as in c-Si of gϭ1.9995 both in n-and in p-type porous silicon and attribute it to conduction band electrons in silicon microcrystals. Von Bardeleben et al. 56 observe ESR signals of optically excited free electrons in what they call quantum confined Si nanostructures with orientation-dependent g values of g Ќ ϭ1.9991 and g ʈ ϭ1.9986.
The g values obtained in microcrystalline silicon by other authors are 1.997 in phosphorus-doped, 57 1.9983 in nitrogen-doped, 7 1.9981 in intrinsic c-Si:H samples annealed to 400°C ͑Ref. 12͒ and gϭ1.998 in intrinsic c-Si:H under light illumination 8 in good agreement with our own data.
In the past, a lot of work has been done to calculate theoretically the expected g shifts in crystalline semiconductors such as silicon ͑see, e.g., Ref. 58 for a review͒, but similar calculations for microcrystalline silicon have not been performed so far. The g value is influenced by the wave functions of the corresponding electronic states and by local strains within the material, for example produced by an impurity atom like phosphorus. In the case of conduction-band electrons, the g value depends on the band structure and the respective Bloch functions, and it will even be different for electrons near or far away from a band degeneracy. 59 Local strains are expected to vary in microcrystalline and crystalline silicon, and distinctive differences have been found experimentally for the impurity wave functions in both materials ͑see Sec. IV E and V D͒. Hence, a variation in the respective electronic g values of c-Si:H and c-Si is not surprising. However, there is no simple picture which would allow a quantitative prediction of this difference.
The decrease in g value with phosphorus concentration N D in c-Si:H is possibly connected to the formation of donor clusters at higher dopant density leading to a partial delocalization of the electrons within the cluster. One expects that with increasing donor concentration the g value approaches the one of electrons in the conduction band. 26 A good estimate for the latter is gϭ1.9963 ͑the smallest observed g value͒ of sample 133 at 300 K ͑when almost all of the electrons are thermally excited into the CB͒ and, consequently, approaching the CB g value with increasing donor concentration means a decrease in g value. 
B. Linewidth
The CE linewidth ⌬H pp in c-Si:H is much larger than in c-Si, while similar values are reported for poly-Si. 54 It increases with doping and temperature for TϾ30 K, but around Tϭ30 K a distinct minimum appears in samples with doping levels of more than 33 ppm.
In dilute spin systems, where the spin-lattice relaxation time T 1 acts as an average lifetime of the spin states (T 1 ϷT 2 ), the linewidth would be given by ⌬Hϭ1/(␥T 1 ) with ␥ϭg e B /ប. Using T 1 ϭ10 Ϫ5 s at 30 K for sample 1 ͑Ref. 17͒ would result in a linewidth of only 6 mG. Hence, around the position of the minimum the large value of ⌬H pp ͑8 G for all samples͒ is caused by a distribution of g values and unresolved hyperfine structure rather than a short spin-lattice relaxation time. However, the data by Malten, Müller, and Finger 17 exhibit a steep decrease of T 1 in c-Si:H for T Ͼ60 K. Therefore, we attribute the strong increase in line broadening with rising temperature for TϾ60 K to the corresponding decrease in spin-lattice relaxation time. A steady increase in linewidth for temperatures between liquid helium and room temperature has also been found in the earliest ESR studies by Portis, Kip, and Kittel 13 and later by various other authors. 16, 60 An interesting feature is the appearance of the minimum ͑Fig. 5͒, which was also reported for crystalline silicon in samples with donor concentrations of less than 3.5 ϫ10
18 cm Ϫ3 ͑Refs. 21, 29, 60-63͒. This minimum was mostly explained by motional or exchange narrowing of the resonances, which becomes less effective with decreasing temperature. In earlier works by Maekawa and Kinoshita 21 the increase of linewidth with decreasing temperature was interpreted as a change in the correlation frequency of the exchange interaction due to reduced hopping rates of electrons between neighboring sites at lower temperatures. On the other hand Murayama, Clark, and Sanny 63 explain their data in a picture where spins ͑donor electrons͒ are randomly located and coupled with each other via antiferromagnetic exchange interaction. The spins of such a system tend to condense into singlet ground states of donor clusters as T is lowered, 64 which reduces the effective exchange experienced by the remaining unpaired spins, and the narrowing effect becomes smaller.
Even without deciding which of these pictures correctly describes the situation in c-Si:H we assume the presence of some kind of narrowing effect for the CE line. In a certain temperature region above 30 K, where a large fraction of the electrons is still located at donor sites or in conduction band tail states, such narrowing effects lead to a somewhat smaller linewidth than would be obtained without them. As one goes to very low temperatures, the narrowing effect becomes weaker resulting in an overall increase in linewidth and leading to the observed minimum.
The absence of the minimum in lightly doped material may well be explained in both models. In samples with lower CE spin densities the distance between interacting spins becomes too large to allow for effective exchange interaction or for sufficiently rapid hopping motion. This can be checked by calculating the average distance r D between the electrons contributing to the CE line using the expression r D ϭ(4/3*N S ) Ϫ1/3 where N S ϭN S (CE) is the observed CE spin density. This leads to values r D of 65, 52, and 48 Å for samples 33, 67, and 133, respectively. On the other hand, for sample 1 ͑with a spin density that is about a factor of 100 smaller than in sample 133͒ r D equals 193 Å and is too large for exchange averaging to be expected. Furthermore, a comparison of the hopping frequencies estimated from the ratio of the factor exp(Ϫ2r D /a), yields frequencies lower by 10 orders of magnitude for sample 1 as compared to sample 133. For the parameter a we used a value of 12 Å, which is the effective Bohr radius of the impurity wave function in n-type c-Si:H as estimated from hyperfine interaction data ͑Sec. V D͒.
The increase in linewidth with doping at higher temperatures is in accordance with the decreasing spin-lattice relaxation times with increasing doping level as deduced from saturation measurements ͑not shown͒. A similar broadening of the resonance line with doping has also been found in early studies on heavily doped ͑Ͼ1000 ppm͒ c-Si:H ͑Ref. 57͒ with a linewidth of about 18 G at liquid nitrogen temperature ͑as compared to 12 G in the present study, see Fig.  5͒ .
C. Magnetic susceptibility
For comparison we first summarize the situation in n-type crystalline silicon. A Curie-like susceptibility was found for the electrons located at the donor atoms in weakly phosphorus doped n-type crystalline silicon. 21, 26 Also in the earliest spin resonance measurements on n-type Si ͑Ref. 13͒ with N D ϭ1 -2ϫ10 18 cm Ϫ3 Curie behavior for temperatures between 80 and 300 K was observed. A deviation from the Curie law at 4.2 K was interpreted as the change from Curie to Pauli paramagnetism.
To account for the two general types of magnetic behavior some authors describe their experimental susceptibility data with a two-component model, consisting of electrons following a Curie or Curie-Weiss law ͓Eq. ͑1͔͒ and electrons with a Pauli-spin-susceptibility ͓Eq. ͑2͔͒. 26, 61 In these works the concentrations of the two different types of electrons are obtained as results of numerical fits to the underlying model and are independent of temperature.
In Fig. 6 , Curie-like behavior of the conduction electron resonance in c-Si:H was demonstrated between liquid helium and room temperature ͑with deviations for some samples at the highest temperatures͒. To check for which temperature region a Pauli-like susceptibility component could be theoretically expected, we calculate the degeneracy temperature T deg below which an electron gas becomes degenerate:
.
͑4͒
In Eq. ͑4͒ n is the electron concentration and m* the effective mass of the electrons, which we take as the densityof-state effective mass m*ϭ1.08•m e ͑Ref. 46͒ (m e ϭfree electron mass, hϭPlanck's constant). For our range of electron concentrations N S (CE) between 3ϫ10 16 and 2.5ϫ10 18 cm Ϫ3 we obtain degeneracy temperatures between 3.8 and 72 K, respectively. If the electrons contributing to the conduction electron resonance formed a free electron gas, one would expect degeneracy and an onset of Pauli paramagnetism for temperatures below 72 K for sample 133. However, in c-Si:H we find that a 1/T law is obeyed very well down to 4.5 K, and there is no Pauli-like susceptibility component in our (T) data neither in form of a transition Curie→Pauli nor as a superposition CurieϩPauli. It should be investigated in future studies, if at still lower temperatures (TϽ4.2 K) and/or at higher dopant concentrations Pauli paramagnetism can be observed in c-Si:H.
D. Hyperfine interaction
The simplest approximation to describe the ground-state donor wave function in phosphorus-doped crystalline silicon is a spherically symmetric s-like wave function, whose spatial extent is given in terms of the Bohr or fall-off radius a. However, the actual electron density distribution around a donor in c-Si deviates substantially from a spherically symmetric form ͑see, e.g., the calculations by Ivey and Mieher
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͒. As no comparable experimental data exist for c-Si:H, we follow the procedure given by Stutzmann, Biegelsen, and Street 34 ͑who use a spherically symmetric ͒ in order to obtain an approximate value for the effective Bohr radius a from the magnitude of the hyperfine splitting ⌬HFS. In terms of the hyperfine splitting the isotropic hyperfine interaction A ͓see Eq. ͑3͒ in Sec. III C͔ is given by A ϭg e B ⌬HFS and hence,
For the effective Bohr radius a of the donors the following relation holds
͑6͒
Therefore, we can directly relate the values of the hyperfine splittings in c-Si:H and crystalline silicon to their effective Bohr radii. Using the value of aϭ16.7 Å in c-Si ͑Ref. 34͒ we obtain a(c-Si:H)ϭ12 Å. Thus the electrons bound in the assumably s-like donor ground state in c-Si:H are stronger localized at the nucleus than in crystalline material, but the localization is weaker than in amorphous silicon ͓a(a-Si:H)ϭ10 Å͔. The intensity of the hyperfine interaction does not scale with phosphorus concentration in contrast to other ESR parameters like g value, CE intensity, and linewidth. At this point, it is too early for a conclusive interpretation of the behavior of the hyperfine interaction in the different temperature and doping regimes, but some hints may be obtained from the assumed density-of-states distribution in c-Si:H and a comparison with crystalline silicon. To this end, it is convenient to treat the cases of high-and lowdoping levels separately.
For higher doping levels the nonobservability of hf interaction is in accordance with what is known from c-Si ͑see Sec. III C͒ where it results from impurity cluster formation and possibly excitation into an impurity band. In addition, when analyzing the low-temperature conductivity data for c-Si:H samples with higher doping levels in the next section, it will be suggested that transport in c-Si:H at low T proceeds via hopping between ionized and neutral donor sites. If the hopping frequency for such a process exceeds the frequency ϭ1/T 1 associated with the experimental values of the spin-lattice relaxation time T 1 , 17 such an electron will successively observe positive and negative values of the hyperfine field, and the hyperfine interaction will be effectively averaged to zero.
The more puzzling result is the nonobservation of hf interaction at low doping, which is in contrast to what one expects from the comparison with crystalline silicon data. This has important consequences for the nature and location of the CE states in c-Si:H. Two cases have to be considered: ͑i͒ the majority of the electrons seen as CE line in ESR are not located at their phosphorus donors at all or ͑ii͒ the electrons are in fact bound to the phosphorus atoms, but for some reason no hyperfine interaction can be detected. ͑i͒ If electrons are not located at their donor sites, they could possibly be excited into the conduction band, have got trapped by deep defects ͑as observed in polycrystalline silicon 54 ͒ or occupy conduction-band tail states. The first possibility is readily ruled out, as for temperatures below 40 K only less than 10% of the donor electrons will have been activated into the conduction band 38 assuming the same donor binding energy as in c-Si ͑45 meV͒. 66 Furthermore, most of the doping induced electrons cannot be trapped at defects, as the number of CE electrons is equal to the number of incorporated donors over two orders of magnitude ͑Sec. IV D͒. Hence, it seems very likely that electrons occupy tail states in the conduction-band tails of the silicon crystallites. The energy range below the conduction band of such tail states overlaps with the binding energy of the phosphorus donor electrons ͑45 meV in c-Si). Thus, electron transfer between donor and tail states is likely to occur and an occupation of tail states might be even more favorable for electrons, as a certain fraction of tail states has energies lower than the donor energy. ͑ii͒ Like in samples with higher doping levels, cluster formation or averaging out of the hyperfine interaction as a result of hopping processes have to be considered. The former cannot be ruled out, but we note that this would be in contrast to c-Si where clustering begins to influence the hf spectrum only at considerably higher doping levels. An averaging effect due to hopping between donor sites can be excluded as the hopping frequencies for such processes estimated from the average interdonor distance r D ͑193 Å for a CE spin density of 3ϫ10 16 cm Ϫ3 in sample 1͒ are too low and hopping motion would not be rapid enough to lead to an averaging effect. Finally, an excitation of donor electrons into excited states of phosphorus ͑where they show no hf interaction͒ has to be considered. This is again ruled out by Lépine's calculations, 38 which show that at TϽ40 K in fact most of the electrons are in the hyperfine-active ground state A 1 .
In summary, possible explanations for the low-hf intensities are occupancy of conduction band tail states instead of donor states, formation of clusters of two or more donor atoms and the effect of averaging out the hf interaction by rapid hopping motion of electrons between adjacent donor sites. The latter process only applies to samples with higher doping levels.
E. Electronic transport
From the agreement between dopant and carrier densities deduced from the different methods with the ESR spin den-sities N S of the CE resonance ͑Sec. IV D͒ it is obvious that both electronic transport and electron spin resonance are governed by the excess electrons introduced via the doping process. We suggest the following mechanisms of electronic transport in the low-and high-temperature regions, respectively. 20 KϽTϽ300 K: At elevated temperatures carrier transport proceeds in the conduction band, into which the electrons were excited from shallow donor states ͑or tail states͒. This assumption is just a consequence of the agreement between the phosphorus density and the electron density n calculated from ϭn •e• for high donor concentrations. At room temperature all of the donors are ionized, the thermal energy is high enough to have a sufficient number of allowed percolation paths and transport takes place by quasifree electrons in the CB moving along these paths, crossing lower barriers and avoiding high ones. The decrease of the conductivity with a lowering of T is ascribed both to the decreasing number of electrons excited to the CB and to the increased length of percolation paths for the carriers. 49, 67 The non-Arrhenius behavior in this temperature range can be interpreted as a distribution of activation energies as a result of varying barrier heights between crystalline regions and the thermal excitation out of tail states with varying energy positions below the conduction band. With decreasing doping level, n deviates more and more from N S (CE). The main reason for that is the decrease in carrier mobility going to lower doping levels as found in recent Hall-effect measurements. 48 Furthermore, some of the donor electrons might have been trapped by deep defects or tail states, although the number of trapped electrons has to be relatively small to be compatible with the high CE spin density. This decrease in at lower doping levels is remarkably different from crystalline silicon where the carrier mobility usually increases when the number of dopants is reduced as a result of a reduction in ionized impurity scattering.
TϽ20 K: For the lowest temperatures a temperatureactivated behavior of the conductivity was found ͑Sec. IV F͒ with an activation energy E a of 3.5 meV for all samples ͑17, 33, and 67͒. In crystalline silicon at low temperatures an activated transport process with an activation energy ⌬E hop of several meV is well known and referred to as nearestneighbor hopping. It takes place in crystalline semiconductors between donor or acceptor sites. A necessary condition is the simultaneous presence of neutral and ionized dopant states, which can be accomplished by partial compensation. 68, 69 Since an activation energy ͑of 3.5 meV͒ is also observed for TϽ20 K in c-Si:H, an applicability to our case seems appropriate. In c-Si:H partial ionization of donor atoms can be achieved by electron trapping in defect states or conduction-band tail states. In both cases the ionized donor is in the direct vicinity of a state that has taken up an additional electron. The resulting repulsive Coulomb potential seen by a hopping electron leads to the observed activation energy. In crystalline semiconductors with low compensation the ͑hopping͒ mobility at low T is given as
where r c is essentially the distance between hopping centers ͑donors͒ and is given by r c ϭ(0.865Ϯ0.015)•N D Ϫ1/3 with donor density N D ͑Ref. 71͒ and a denotes again the effective Bohr radius of the donor electron wave function ͓see Eq. ͑3͔͒. A calculation of a from an extrapolation (T→ϱ) of the conductivity values for samples 17, 33, and 67 ͑Fig. 9͒ yields effective Bohr radii between 11 and 14 Å, which compare very well to the value of 12 Å obtained from the hyperfine splitting in Sec. V D. Furthermore, experimental works on doped p-and n-type crystalline silicon yield activation energies ⌬E hop around 5 meV very similar to the value of 3.5 meV found in our samples. 72, 73 As the conductivity decreases exponentially with increasing distance between hopping sites ͑interdonor distance͒ it drops below the detection limit in lightly doped c-Si:H material at low temperatures.
In conclusion, the low-temperature conductivity in microcrystalline silicon can be described by the well-established model of nearest-neighbor hopping between neutral and ionized donors as adopted from crystalline transport theory. However, the hopping process can involve both donor and conduction band tail states.
VI. SUMMARY AND CONCLUSIONS
The doping and temperature dependence of the conduction electron ESR signal ͑CE͒ and the conductivity in a series of n-type c-Si:H samples has been studied. The results allow to identify the origin of the CE resonance in the various temperature and doping regimes and to establish the relationship between ESR and transport data.
The CE resonance in c-Si:H can be related to doping induced excess electrons. The CE spin density is equal to the donor density over a doping range from 3ϫ10 16 to 2 ϫ10 18 cm Ϫ3 . The temperature and doping dependence of the CE resonance line parameters is similar to crystalline silicon, but the absolute values show some distinct differences ͑smaller g values, larger linewidth͒.
The single-line CE resonance is prominent in the entire doping and temperature range. The hyperfine doublets of electrons located at P donor atoms can be clearly distinguished only at intermediate doping levels, where they account at most for 5% of the signal. From the hyperfine splitting of ⌬HFSϭ110 G a value of aϭ12 Å for the effective Bohr radius of the donor electron wave function is derived, compared to 16.7 Å in c-Si and 10 Å in amorphous silicon. This means that the degree of localization of the donor electrons is between c-Si and a-Si:H. Similar values also follow from the low-temperature conductivity data.
The absence of visible hyperfine interaction for the highest doping levels is in accordance with observations in crystalline silicon, where it is explained by donor clustering and averaging of the hyperfine interaction as a result of the hopping motion of electrons between phosphorus donors. As the main reason for the lack of hyperfine interaction at low doping levels ͑in contrast to c-Si), we suggest the occupancy of conduction-band tail states.
At low temperatures the electrons giving rise to the CE resonance are either localized at their donor sites or occupy conduction band tail states within the crystalline grains. At TϽ20 K transport proceeds via hopping between neutral and ionized donors and/or conduction-band tail states. This kind of transport is characterized by a single activation energy of 3.5 meV in c-Si:H.
With rising temperature an increasing number of electrons is excited into delocalized conduction-band states, but at any temperature the charge carriers are nondegenerate for the doping range investigated, leading to a Curie-like behavior of the susceptibility ͑with deviations for some of the samples at the highest temperatures͒. The electrons in the conduction band are still observed with ESR, but the transition to delocalized states is accompanied by appreciable line broadening and a decrease in g value. The line broadening is a result of the strong decrease in spin-lattice relaxation time with rising temperature. A minimum in the linewidth-vs-T-data around 30 K is interpreted-like in crystalline silicon-with a decreasing exchange narrowing effect as one goes to low temperatures.
At higher temperatures transport cannot be described by a single-activation energy. Here, the conduction process is understood in terms of a percolation model where carriers move in an interconnected network with variable barrier heights between adjacent regions, a mechanism completely different from crystalline silicon.
